Introduction
The photochemistry of onium salts is of considerable interest both in scientific and technological aspects [1 -6] . The onium salts have found wide application as photoinitiators for acid-catalyzed reactions in chemically amplified resists since the salts generate BrOnsted acids by the ultraviolet light exposure. For the design of more efficient photoacid generation system, further understanding of the acid generation processes from the salts is required.
Although there are many previous studies on onium salts [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , the reaction dynamics in the very early stage have not been made clear yet. Recently, the advanced laser flash photolysis system with femtosecond laser pulses has been available to detect the rapid reactions. In this study, the femtosecond laser flash photolysis was carried out to clarify the initial dynamics of the reactions of diphenyliodonium salts.
Experimental 2.1. Femtosecond Laser Flash Photolysis
The transient absorption spectra of acetonitrile solutions of diphenyliodonium triflate (DPI-TO were measured using femtosecond laser pulses as both excitation and observation sources. The laser flash photolysis system is shown in Fig. 1 . A beam from a mode-locked Titanium-doped sapphire (Ti:sapphire) laser (Tsunami, Spectra-Physics) pumped by an Ar+ laser (Beamlock, Spectra-Physics) was amplified by the regenerative amplifier (Spitfire, Spectra-Physics). A Q-switched neodymium-doped yttrium lithium fluoride (Nd:YLF) laser (Merline, Spectra-Physics) was used as a pump source for the amplifier. The fundamental lights from the amplifier (795 nm, 300 µJ/pulse, l 1 0 fs,1.2 kHz) led to third harmonic lights (265 nm, 30 µJ/pulse) when the lights passed through the second and third harmonic generator (SHG and THG), and the third harmonics were used as the excitation lights. The residual of the fundamental lights was focused into a quartz cell (1 cm path length) of H2O to generate white lights. In the cell, H2O was circulated constantly. The white lights were used as observation sources and led to the optical delay. One step of this delay was 67 fs and the delay time was varied within 3.2 ns. The observation lights were focused into a sample cell with a 1 mm optical path length and 10 mm width. The observation lights were dispersed with a monochromator (250 II , CHROMEX) and detected by a CCD linear image sensor (M6296, HAMAMATSU). Optical Kerr effects of H2O was measured to determine the time zero point where excitation lights and observation lights overlapped each other on the sample. From this measurement, the full width at half maximum (FWHM) of a typical instrumental function of the system was also estimated to be about 1 ps. For each irradiation, fresh solution was used with flow apparatus. All experiments were carried out at room temperature.
Nanosecond Electron Beam Pulse Radiolysis
To identify the intermediates observed in the flash photolysis, nanosecond EB radiolysis experiments were carried out. 28 MeV L-band linear accelerator (LINAC) at the Institute of Scientific and Industrial Research, Osaka University was used as an electron beam pulse (8 ns) source. The details of this system are described in the previous paper [l5]. 2.3. Samples Diphenyliodonium triflate and spectral quality acetonitrile were obtained from Midori Kagaku Co., Ltd. and Wako Pure Chemical Industries, Ltd, respectively. These samples were used without further purification.
Results
Fig . 2 shows the transient absorption spectra of DPI-Tf (2 mM) solution in acetonitrile observed in 265 nm laser flash photolysis. In Fig. 2 , there is a broad absorption band at about X = 660 nm for the spectra of 1 ps and 1.8 ns after laser pulses.
The kinetic behavior of the transient absorption is shown in Fig. 3 . The absorbance given in Fig. 3 was an average of the absorbance from 620 nm to 700 nm which was recognized as FWHM of the peak. Solid circles and open circles shown in Fig. 3(a) illustrate the formation behavior of the transients and the instrumental function, respectively. In Fig. 3(a) , the transients were generated within 1 PS.
In Figs. 3(b) and 3(c), decay behavior consists of two components: fast and slow decay components. The fast decay component decreased within 50 ps. This decay was also observed in 1 mM DPI-Tf solution in acetonitrile and the decay rate was the same within experimental errors. The slow decay component had longer lifetime and was stable within a mea- As shown in Fig. 4 , the absorption maximum at around 680 nm was observed by electron beam pulse radiolysis of iodobenzene solution in dichloromethane which easily produces solute radical cations, and this maximum could be attributed to iodobenzene radical cations (PhI'+). The similar absorption band of PhI'+ was also observed by y-radiolysis of iodobenzene in halocarbon matrices at 77 K. [16] The position of the absorption band is consistent with the band observed in the flash photolysis. Thus, we conclude that the both of fast and slow decay components for the DPI-Tf solutions are due to PhI'+.
Discussion
The important observations are: (1) a fast formation of PhI'+ (<1 ps) in DPI-Tf solutions and (2) existence of two decay components for PhI'+: one decayed within 50 ps and the other had much longer lifetime. Therefore, we discuss these two points separately.
In Fig. 3(a) , PhI'+ was formed within a few hundred femtoseconds when deconvolution was carried out. This formation was due to direct photolysis of DPI-Tf because the salt only absorbed the 265 nm excitation light. The PhI'+ formation mechanisms have been proposed as follows [3, 4, 7] :
[Ph2I+X~]* -> PhI'+ + Ph• + X-(X-= CF3S03-)
[Ph2I+X j * PhI + Ph+ + X
PhI + Ph+ -* PhI'+ + Ph•
The iodonium salts can decompose by both homolytic (reaction (1)) and heterolytic (reaction (2)) cleavage of C-I bonds [3, 4, 7] . While the homolytic cleavage (reaction (1)) generates PhI'+ directly, the heterolytic cleavage (reaction (2)) would generate PhI'+ by electron-transfer reaction (reaction (3)) [3, 4] . From the present results, it was found that PhI'+ was formed within a few hundred femtoseconds although it is not clear whether the two reaction paths are possible or not.
The two decay components for PhI'+ can be explained by an in-cage recombination and a cage-escaped reaction, respectively. The fast decay components in Fig. 3(b) is considered to be due to an incage recombination [3, 4, 7] between PhI'+ and PhI• resulting in the formation of iodobiphenyls and protons (reaction (4)) or original iodonium ions (reaction (5)).
PhI'+ + Ph• -~ Ph2I+ (5) Although the absorption of PhI'+ has been observed by conventional flash photolysis (~, = 347 nm or 266 nm) of diphenyliodonium salts in acetonitrile [10] [11] [12] [13] , the fast decay components could not be detected because the decay was fast compared to the time resolution of their systems.
The longer lifetime components in Fig. 3(c) is thought to be due to cage-escaped PhI'+ [4, 7] which means PhI'+ escaped from acetonitrile solvent cage. The solvation of PhI'+ by solvent acetonitrile prolongs the lifetime of PhI'+. Recently, formation of the PhI'+ was observed by both ArF (~, =193 nm) and KrF (? = 248 nm) excimer laser flash photolysis of onium salt solution in acetonitrile, and it was shown that this transient absorption kept constant over 500 ns in acetonitrile [14] . It is stated that only the slow decay components have been observed in the former flash photolysis experiments [9] [10] [11] [12] [13] [14] .
From the above observation, it would appear that proton generation reactions in chemically amplified resists have the following two paths: (a) one is an incage recombination path (reaction (4)) in which the proton is generated from a phenyl substituent of the onium salt and: (b) the other is a cage-escaped reaction path. When a phenol resin matrix (ArOH) such as polyp-hydroxystyrene) derivatives is used, the electoron transfer reaction from the matrix to cageescaped PhI'+ (reaction (6)) would probably occur since the rate of the electron transfer from the phenolic polymer to PhI'+ had been determined to be of the order of magnitude of diffusion controlled reaction [14] . The ArOH'+ would lead to ArO• by releasing proton to ArOH (reaction (7)).
ArOH'+ + ArOH -~ ArO• + ArOH(H+) (7) 5. Conclusion The initial reactions from opium salts were investigated by 265 nm femtosecond laser flash photolysis. The PhI'+ was formed within a few hundred femtoseconds from the excited states of DPI-Tf in acetonitrile. Two acid generation processes were directly observed from the kinetic behavior of PhI'+. Some of the PhI'+ decayed within 50 ps and the others decayed much slowly and remained over the time region we measured. We attributed these two decay components to an in-cage recombination and a cageescaped reaction, respectively.
These two components are considered to contribute to acid generation in a different way. 
